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Abstract
High Frequency (HF) geolocation techniques are commonly used to track the source of
uncooperative HF emitters. A traveling ionospheric disturbance (TID) makes geolo-
cation particularly difficult due to large perturbations in the local ionospheric electron
density profile. Angle of Arrival (AoA) and ionosonde virtual height measurements
collected at White Sands Missile Range, New Mexico in January 2014, are analyzed
during a medium scale traveling ionospheric disturbance. TID characteristics are
extracted from the measurements, and a comparison between the data sets is per-
formed to provide a measure of correlation as a function of distance and time between
the ionosonde and AoA circuit midpoints. Additionally, ionosonde measurements are
used in a simple model to predict AoA elevation angle changes at a downstream HF
receiver. The simple model is able to predict changes in AoA elevation angles when
the ionosonde North-South tilt is zero; however, as the tilt increases, so too does the
error in the simple model.
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A COMPARISON OF HIGH FREQUENCY ANGLE OF ARRIVAL AND
IONOSONDE DATA DURING A TRAVELING IONOSPHERIC DISTURBANCE
I. Introduction
HF radio communication is an effective and inexpensive means of long-range com-
munication. Because the HF communication path can be predicted if ionospheric con-
ditions are known, U.S. Intelligence Advanced Research Projects Activity (IARPA)
and the Department of Defense are interested in being able to determine the exact
location of an uncooperative HF transmission using techniques known as geolocation.
HF radio waves transmitted via sky wave propagation, reflecting off the ionosphere,
extends the the communication distance up to 4000 km [Headrick and Skolnik, 1974].
If the ionosphere were a perfectly smooth, spherically symmetric layer, it would be
relatively easy to determine the location of a HF transmitter based on geometry; how-
ever, this is unrealistic during a traveling ionospheric disturbance (TID) as oscillations
in the ionosphere result in a tilt at the reflection point.
A TID is a form of an atmospheric gravity wave (AGW) that results in a large
perturbation in the local ionospheric electron density profile. Because the ionosphere
is dynamic, its structure will fluctuate in response to a TID affecting radio wave
reflection off the ionosphere and arrival at a HF receiver. Therefore, understanding
the real-time effects of TIDs on the ionosphere is vital to geolocation accuracy.
TIDs have been studied since the last half of the 20th century [Hines, 1960,
Hunsucker, 1982], and are observed by changes in the ionospheric electron density pro-
file as measured by Global Positioning Systems (GPS), incoherent scatter radars, HF
Doppler systems, and ionosondes. From these measurements, TID amplitude, phase,
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and velocity of the wave as a function of the period can be revealed [Ding et al., 2007,
Crowley and Rodrigues, 2012, Crowley et al., 2013]. TIDs have periods of 10 min-
utes to 5 hours, velocities of 50 to 1000 m s−1, and wavelengths of 100 to 5000 km
[Crowley et al., 2013]. Measurements from ionosondes also disclose wave variation as
a function of height during a TID event [Tedd et al., 1984, Shiokawa et al., 2002].
Measurements from ionosondes, angle of arrival (AoA) a HF signal incident upon a
HF receiver, and Doppler frequency shifts have been used to study HF radio commu-
nication during a TID. By modeling the ionosphere as a perfectly reflecting surface,
AoA and Doppler frequency shift measurements are able to recover TID characteris-
tics [Galushko, 2003, Paznukhov et al., 2012] and extract the direction of propagation
[Paznukhov et al., 2012]. Additionally, application of time delay, integrated Doppler
shift, and AoA measurements have been incorporated into ionospheric data assim-
ilation algorithm models, such as GPS Ionospheric Inversion model, to successfully
model AoA measurements when three known reference points are within 50 km of a
HF transmitter [Nickisch et al., 2016]. AoA elevation angles are dependent on the
ionospheric reflection height [McNamara, 1991] and we expect them to be directly
correlated.
This research project is focused on the development of a simple model to assist
with geolocation techniques. AoA elevation angles and ionosonde virtual height mea-
surements from a 14-day IARPA HF geolocation (HFGeo) field campaign at White
Sands Missile Range (WSMR), in January 2014, are analyzed to extract TID char-
acteristics. A comparison between the two data sets is performed to reveal the cor-
relation as a function of distance and time between the ionosonde and AoA circuit
midpoint. Finally, a simple model is developed that applies ionosonde virtual height
measurements to predict AoA elevation angle changes at a downstream HF receiver.
This document is outlined as follows: Chapter II provides background information
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on the ionosphere, ionosonde, TIDs, and HF geolocation. Chapter III discusses the
methodology and results of this research. The correlation between AoA elevation
angle and ionosonde virtual height measurements is performed. A spectral analysis is
used to reveal TID wave characteristics. TID velocity is computed from ionogram and
spectral analysis phase differences between ionosondes. A temporal cross-correlation
estimates the time a TID impacts an AoA circuit midpoint and how the wave structure
changes over distance. Finally, a simple model is used to predict changes in AoA
elevation angles. Lastly, Chapter IV provides the findings and recommendations for
future research with this data set.
3
II. Background
2.1. Ionosphere
To gain an understanding of TIDs and the impact they pose to geolocation,
we must understand the ionospheric layer in which TIDs propagate. The iono-
sphere is the iononized layer of Earth’s upper atmosphere that extends from 50 to
1000 km [Pisacane, 2008], and is responsible for the refraction of HF radio waves.
Plasma in this region forms primarily by the photoionization of the neutral con-
stituents by extreme ultraviolet (EUV) and x-ray radiation in low and mid-latitudes
[Schunk and Nagy, 2009]. The ionosphere is subdivided into regions based on local
peaks in electron density distributions. The maximum electron density occurs at
the F2 peak located at approximately 300 km; however, the electron density profile
changes with diurnal, seasonal, latitudinal and solar cycle variations, as depicted in
Figure 1 [Schunk and Nagy, 2009].
Figure 1. Ionospheric electron density profile as a function of altitude [Dao, 2018].
This reveals the diurnal and solar cycle variations in the electron density profile.
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The lowest subregion, the D region, extends from 50 to 90 km above Earth’s
surface, and is formed by photoionization from solar Lyman alpha and hard x-rays
[Pisacane, 2008]. The D region is comprised of molecular ions, positive and neg-
ative ions, and water cluster ions, with NO+ and O+2 as the major constituents
[Schunk and Nagy, 2009]. The maximum electron density, 109 m−3, is reached shortly
after sunrise and reduces significantly after sunset, 102 m−3, when the primary ion-
ization source, the sun, is lost [Pisacane, 2008].
The E region spans from 90 to 150 km and is primarily formed by photoionization
from x-ray and ultraviolet radiation, and the dominant ions are NO+, O+, O+2 , and N
+
2
[Pisacane, 2008]. During the day, the electron density peaks at 1011 m−3, near 120 km
[Pisacane, 2008]. Similar to the D region, after sunset when the primary source of
ionization is lost, the electron density decreases to 2× 109 m−3 [Pisacane, 2008].
The F region stretches from 120 to 1000 km, and is formed by photoionization from
EUV radiation with O in the lower levels and H in the upper levels [Pisacane, 2008].
During the day the F region forms two distinct layers, F1 and F2. The F1 layer
extends from 120 to 200 km, with a peak electron density of 2 − 5 × 1011 m−3 near
180 km [Pisacane, 2008]. The F2 layer spans from 200 to 1000 km and has a peak
electron density of 1 − 2 × 1012 m−3 at approximately 300 km [Pisacane, 2008]. At
night when the ionization source is lost, the two layers merge into one, and the peak
electron density decreases to 2− 5× 1011 m−3 near 300 km [Pisacane, 2008].
The ionosphere electron densities are important to HF radio communication be-
cause the plasma refracts and reflects radio waves. For reflection to occur, the fre-
quency of the radio wave must not exceed the plasma (critical) frequency,
fp = 8.979
√
ne (1)
where fp is plasma frequency (Hz) and ne is number density of electrons (m
−3)
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[Pisacane, 2008]. When radio transmissions occur at frequencies much less than the
vertical incidence F2 plasma frequency, the wave will reflect off the ionosphere at lower
altitudes, reducing the distance the wave travels [Pisacane, 2008]. However, trans-
missions at vertical incidence frequencies greater than the F2 plasma frequency, will
penetrate the ionosphere and the wave will not return back to Earth [Pisacane, 2008].
Table 1 outlines the plasma frequency for each region of the ionosphere, as cal-
culated from Equation 1, given the peak electron density for the respective region
[Pisacane, 2008].
Table 1. A list of plasma frequencies for ionospheric regions.
Region Altitude Electron Density Plasma Frequency
(km) (m−3) (MHz)
D 50 - 90
102 (night) 9× 10−5
109 (day) 0.3
E 90 - 150
2× 109 (night) 0.4
1011 (day) 3
F1 120 - 200 2× 1011 4
F2 200 - 1000
2.5× 1011 (night) 4.5
1.5× 1012 (day) 11
2.2. Ionosondes and Angle of Arrival Measurements
An ionosonde is a ground-based HF radar system that measures the ionosphere.
The ionosonde transmits a radio pulse vertically across a range of frequencies and
measures the time delay of the return signal in order to calculate the electron density
as a function of altitude [LDI, 2009]. Radio waves travel at a group velocity propor-
tional to the index of refraction and reflect off the ionosphere when the group velocity
is equal to zero; thus, the frequency of the transmitted radio wave must equal the
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plasma frequency [LDI, 2009, Pisacane, 2008],
vg = c
√
1− f
2
p
f 2
(2)
where vg is group velocity (m s
−1), c is vacuum speed of light (m s−1), and f is the
radio frequency (Hz). Given this, the electron density at the reflection altitude is
derived for each frequency by
ne =
(
4pi20me
e2
)
f 2p
=
f 2p
80.62
(3)
where ne is electron density (m
−3), 0 is permeability of free space (C2 s4 m−4 kg−2),
me is mass of an electron (kg), and e
2 is charge of an electron (C) [Pisacane, 2008].
The above description for which the group velocity is proportional to the index
of refraction, excludes the complicating factor of the Earth’s magnetic field. The
application of Earth’s magnetic field through the Appleton-Hartree Equation, reveals
the ionosphere contains two indices of refraction, n,
n2 = 1− X
1− (Y sin Ψ)2
2(1−X) ±
√
(Y sin Ψ)4
4(1−X)2 + (Y cos Ψ)
2
(4)
where X = f 2p/f
2, Y = fg/f , Ψ is the angle between the wave’s k vector and the
background magnetic field, fp is the plasma frequency, f is the frequency of the wave,
and fg is the electron gyrofrequency [Davies, 1990]. Therefore, a transmitted wave
contains two polarized components, an ordinary-mode (O-mode) and extraordinary-
mode (X-mode) wave. The index of refraction for the O-mode occurs when the ± in
Equation 4 is positive, and the X-mode when the ± is negative. Since the index of
refraction is related to the group velocity, the O-mode and X-mode waves propagate
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at different speeds and return separate signals to the ionosonde receiver [LDI, 2009],
as shown on the ionogram in Figure 2.
One of the products the ionosonde produces is the ionogram. The ionogram
is a six-dimensional measurement of signal amplitude versus frequency, and signal
amplitude versus altitude [LDI, 2009]. The six-dimensional measurements comprise
the frequency, virtual reflection height, signal amplitude, polarization, Doppler shift,
and AoA [LDI, 2009]. Figure 2 shows an ionogram from the Cherry ionosonde on
26 January 2014 at 1934 Universal Time (UT). The product contains a wealth of
information from computer scaled ionospheric parameters to the distance a wave
will travel if transmitted at the maximum usable frequency [LDI, 2009]. The center
graph depicts the virtual reflection height of a transmitted frequency for both the O-
mode wave in red, and the X-mode wave in green [LDI, 2009]. The virtual reflection
height is greater than the actual reflection height because the virtual height does not
account for the refraction of the wave as the electron density increases, but instead is
determined by the group velocity (Equation 2) traveling slower than the speed of light,
and approaches zero near where the plasma frequency is equal to the transmission
frequency. From the ionogram, the electron density as a function of altitude can
be found by Equation 3. In Figure 2, the weaker signatures at higher altitudes
above a very predominate layer, represent a second return echo from the initial radio
transmission [LDI, 2009]. Additionally, the ionogram reveals perturbations in the
electron density profile which indicate the onset of a TID, as shown by the circled
cusp, or hook in the O-mode profile in Figure 2. Finally, a color scale provides details
on the AoA where cold shades indicate a return signal from the North to East and
warm shades from the South to West.
AoA measurements from the WSMR field campaign relied on an HF receive array
tuned to receive 10 HF transmitters fielded for the geolocation experiment. The
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Figure 2. Example of an ionogram. Ionogram from Cherry ionosonde measurements
on 26 January 2014 at 1934 UT. Notice the hook in the O-mode profile, between 8-9
MHz at 600-640 km; this indicates the onset of a TID.
transmit antennas were primarily single inverted-V dipole with one transmitter as a
two antenna inverted-V dipole [Munton et al., 2016]. These transmitters disseminate
signals in linear frequency chirp and swept sounder mode emitting signals at 3 to 12
MHz [Munton et al., 2016]. The receive array consists of one radio per dipole with
three channels per radio set-up across the 19 inverted-V cross dipole antennas to
make up an array with an aperture of about 200 m2 [Dao, 2018]. As a HF radio wave
is emitted, the wave incident upon the antenna array arrives at an angle, with each
individual antenna in the array receiving the signal at a different time as a function
of the AoA. Based on the direction the radio wave propagates from, the individual
antenna within the receive array that is closest to the source will receive the signal
prior to the other antennas within the array [Dao, 2018]. Given the direction by
which the radio wave arrives at each individual antenna and a known wavelength,
the AoA is inferred by how out of phase the radio wave is at each antenna relative to
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the other antennas within the receive array [Dao, 2018, Munton et al., 2016]. AoA
measurements provide the azimuth and elevation angle of a radio wave reflected off
the ionosphere and incident upon the receiver. AoA measurements from two WSMR
sites are displayed in Figure 3 to illustrate how the azimuth and elevation angles
vary over time. The AoA elevation angle at G10-RDS1 is approximately 5◦ greater
than G10-N1, which indicates that the ionospheric reflection point is higher at the
G10-RDS1 circuit midpoint.
The specific ionosondes in use during the WSMR field campaign were the Digisonde
Portable Sounder 4D (DPS4D) at Kirtland, Munyo, and Squirt, and an older model,
DPS4, at Cherry; both produced by Lowell Digisonde International. The DPS4D
utilizes a Turnstile delta transmitter antenna to scan frequencies from 0.5 to 30 MHz,
in increments of 1 kHz and four active crossed loop Turnstile antennas as receivers
[LDI, 2009]. The signal processor requires two embedded Intel Core 2 Duo Dual Core
processors, which include seven operating modes that allow for alternating trans-
missions of ordinary and extraordinary wave polarizations [LDI, 2009]. The DPS4D
enables ionospheric measurements from 0 to 1200 km with a height resolution of 5 km
[Dao, 2018, LDI, 2009]. For a comprehensive list of the DPS4D specifications, refer-
ence the technical manual published by Lowell Digisonde International.
Figure 3. Example plot of AoA measurements for G10-RDS1 and G10-N1. Left: AoA
azimuth angle versus time. Right: AoA elevation angle versus time.
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The January 2014 WSMR field campaign had four ionosondes within a 300 km
range that measured the ionosphere every 2 to 6 minutes. This proximity and sam-
pling cadence is not normally available around the world. As of 2011, there were 64
ionosonde locations worldwide collecting ionospheric measurements in 33 countries
[Galkin and Reinisch, 2011]. Figure 4 shows the global ionosonde coverage as of May
2017 [Reinisch, 2017]. Typical ionospheric measurements from these locations take
place every 15 minutes, with measurements stored on the Global Ionospheric Ra-
dio Observatory (GIRO) portal. This information is used by operators and ingested
into ionospheric and space weather forecast models [Galkin and Reinisch, 2011] to
enhance geolocation accuracy.
Figure 4. Global Map of GIRO Digisondes as of May 2017 [Reinisch, 2017]
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2.3. Traveling Ionospheric Disturbances
Ionosondes and other ionospheric measuring instruments can be used to study
TIDs. TIDs are typically observed in the F region and result from perturbations
in the electron density profile as a result of an atmospheric gravity wave (AGW).
AGWs are oscillations of the neutral atmosphere that transfer energy and momentum
from low to high altitudes, or high to low ionospheric latitudes [Crowley et al., 2013].
AGWs occur when dense air is perturbed and rises above less dense air, causing an
unstable layer which gravity attempts to restore [Hocking, 2001]. This interaction
initiates an oscillation in the wave, and the wave amplitude increases with vertical
propagation due to the conservation of energy per unit volume [Hocking, 2001]. In
other words, as the wave propagates higher in altitude where the density is less, the
velocity of the oscillation must increase to conserve energy; thus, the amplitude of
the wave increases with altitude as depicted in Figure 5 [Hines, 1960, Hocking, 2001].
AGWs generated from low to high altitudes, stem from tropospheric events such
as thunderstorms, airflow over mountains, and volcanoes [Schunk and Nagy, 2009].
Additionally, studies on tropical storm systems have found these large convective
storms release enormous amounts of energy which generate horizontally propagating
AGWs [Walterscheid et al., 2003]. AGWs generated from auroral processes, which
transfer energy and momentum from high to low ionospheric latitudes, include Joule
heating, Lorentz forces, and intense particle precipitation events [Hunsucker, 1982].
TIDs are classified as medium scale traveling ionospheric disturbance (MSTID)
or large scale traveling ionospheric disturbance (LSTID) based on size, period, and
velocity of the wave. MSTIDs are characterized to have: wavelengths of several
hundred kilometers, periods of tens of minutes to an hour, and phase velocities of 50
to 300 m s−1[Crowley et al., 2013]. The behavior of MSTIDs also vary based on time
of day, requiring a daytime or nighttime designation [Otsuka et al., 2013]. Daytime
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Figure 5. Representation of an AGW. Arrows represent the neutral velocity variation
with altitude while density variations are depicted by parallel lines lying in surfaces of
constant phase. The AGW phase progression is downward, energy propagation to the
right, and gravity is directed vertically downward. [Hines, 1960] c© 2008 Canadian
Science Publishing or its licensor. Reproduced with permission.
MSTIDs typically occur during the winter months and travel equatorward, suggesting
the source is the oscillation of neutral gases produced by AGWs [Otsuka et al., 2013].
This occurs when neutral gases collide with ions in the F region that force plasma to
move along Earth’s magnetic field lines, because the collision frequency is less than
the gyrofrequency [Otsuka et al., 2013]. As the neutral winds change direction with
altitude due to the oscillatory nature of the wave, plasma either converges or diverges
along the magnetic field lines [Kelley, 2009]. As plasma converges along the field line,
the plasma density increases, and as the plasma diverges along the magnetic field
line, the plasma density decreases [Kelley, 2009].
Nighttime MSTIDs vary based on season and latitude, with the direction of
propagation to the southwest with large variations in the total electron content
[Otsuka et al., 2013, Crowley et al., 2013]. Given the southwestward propagation is
not consistent with typical AGWs, researchers suggest that electrodynamic forces
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such as the polarization electric field may play a role in the generation of nighttime
MSTIDs [Otsuka et al., 2013].
Characteristics of LSTIDs include: wavelengths of several hundred to 5000 km,
periods of 1 to 5 hours, and a phase velocity of 300 to 1000 m s−1 [Crowley et al., 2013].
These waves typically propagate from polar to equatorial regions, suggesting that
auroral heating may play a role in the generation of LSTIDs [Crowley et al., 2013].
In a study of LSTIDs during geomagnetic storms on 29-30 October 2003, researchers
investigated three LSTIDs that passed over the United States [Ding et al., 2007].
The storms traveled southwestward approximately 2000 km in 1 to 2 hours, with the
source of the first two LSTIDs believed to be the auroral westward electroject, while
the source of the third LSTID remains unknown [Ding et al., 2007].
2.4. High Frequency Geolocation
HF geolocation is the ability to use AoA measurements to track the source of an
uncooperative HF transmitter in which the searching agency does not have control
over the device [McNamara, 1991]. Geolocation plays an important role in law en-
forcement, military, and intelligence operations, when the only information available
to operators are the AoA measurements collected at the receiver.
Sky wave radio propagation occurs when a HF transmitter emits a radio wave
through the atmosphere and the wave refracts off the ionosphere to return to Earth,
where the signal arrives at the receiver as Figure 6 shows. The wave incident upon
the receiver contains AoA measurements that allow researchers to select a method
to estimate the coordinates of the transmitter. The method chosen depends on the
approximate range between the transmitter and receiver circuit; long range circuits
(greater than 800 km) rely on ray re-tracing programs which employ ionosphere mod-
els, medium range circuits (400 to 800 km) use the single station location (SSL)
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Figure 6. Illustration of sky wave radio propagation between transmitter (Tx) and
receiver (Rx), as rendered from McNamara [1991].
method, and short range circuits (less than 400 km) apply the SSL method with a
tilted reflection point [McNamara, 1991]. For the purposes of this research, the SSL
method is selected.
The SSL method treats the ionosphere as a perfectly smooth surface, much like a
horizontal mirror at the reflection point; hence, it may also be referred to as the mirror
model (MM) method. The SSL method relies on the secant law, Breit and Tuve’s
theorem, and Martyn’s equivalent path theorem [McNamara, 1991]. This method
assumes a transmitted radio wave forms an isosceles triangle between the transmitter,
ionospheric reflection point, and receiver as illustrated in Figure 7. Therefore, if the
elevation angle, , of the wave incident upon the receiver, and the height, h, at
the ionospheric reflection point for the equivalent vertical frequency from a nearby
ionogram are known, the distance between transmitter and receiver, d, is
d =
2h
tan()
(5)
[McNamara, 1991]. Variations of Equation 5 are used in this research project when
the MM method is referenced; however, it should be noted that this equation does
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Figure 7. Geometry of the SSL method as rendered from McNamara [1991]. The
SSL method treats the ionosphere as a horizontal mirror, which perfectly reflects
a sky wave radio signal at the ionospheric reflection point, P , between the
transmitter, Tx, and receiver, Rx, separated by distance, d, where h is the height
at the reflection point from a nearby ionogram and  is the elevation angle of the
wave incident upon the receiver.
not account for the curvature of the Earth or tilts in the ionosphere. For more details
on curved Earth calculations, reference McNamara [1991].
The strength of the SSL method resides in the ability to provide quick dis-
tance estimates. Because the reflection height is provided via a nearby ionogram,
the calculation does not require ray re-tracing or ionospheric model computations
[McNamara, 1991]. Despite the speed, the SSL method is not without fault. As
noted above, the SSL method does not account for the curvature of the Earth. Ad-
ditionally, if the AoA elevation angle is less than 50◦, the reliability of the ionogram
to estimate the reflection height is no longer reliable [McNamara, 1991]. Finally, the
SSL method ignores Earth’s magnetic field, which is not realistic [McNamara, 1991].
The SSL method ignores Earth’s magnetic field by setting Y , in Equation 4, equal
to zero [Dao et al., 2016]. While this makes the calculation easy, it is not practical
as Earth’s magnetic field is present, as indicated by the O-mode and X-mode trace
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lines on the ionogram as displayed in Figure 2 [McNamara, 1991]. Neglecting Earth’s
magnetic field results in geolocation errors of 0 to 35 km in the O-mode, and 0 to
50 km in the X-mode, over ground ranges of 20 to 1000 km [Dao et al., 2016].
When the SSL method is used for short range circuits (less than 400 km), the
reflection point is no longer assumed to be a horizontal reflecting surface, but now
incorporates a tilt angle [McNamara, 1991]. The tilt at the reflection point is caused
by a horizontal gradient in the electron density, which creates a significant error in
the calculated distance between transmitter and receiver when using MM without
tilts [McNamara, 1991]. The relative error due to a tilted ionosphere is
∆d
d
=
−1.75Θ
sin() cos()
(6)
where ∆d is the error in distance d, d is the distance between transmitter and receiver,
Θ is the tilt angle (deg) in the direction of propagation, and  is the elevation angle
at the receiver [McNamara, 1991]. McNamara [1991] found when the elevation angle
was 85◦, the relative error was 20% per degree of tilt; however, when the elevation
angle lowered to 70◦, the error dropped to 5% per degree of tilt, highlighting the
importance of the ionospheric tilt angle in short range circuits.
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III. Methodology and Results
3.1. IARPA HFGeo Field Campaign
In January 2014, a 14 day field campaign took place at WSMR to collect mea-
surements of the ionosphere. By understanding the structure of the ionosphere, par-
ticularly in response to a TID, geolocation techniques can be improved. Ionospheric
measurements were collected from 10 HF transmitters, five HF receivers, and four
ionosondes strategically located throughout WSMR as depicted in Figure 8. Despite
the availability of five HF receivers, this project only focuses on data collected at
the G10 receiver. The AoA circuit midpoint is the geographical halfway distance
between the transmitter and G10 receiver, for which the reflection point is defined.
The distance between each AoA circuit midpoint and ionosonde is found in Table 2.
As previously mentioned, the DPS4 and DPS4D were the ionosonde in use at
WSMR. The four ionosondes located at Kirtland, Munyo, Cherry, and Squirt, trans-
mitted a beam vertically upward across a range of frequencies and measured the time
delay for the signal to be returned in order to calculate the altitude at which the radio
wave was reflected. Each of the ionosondes measured the ionosphere at a different
cadence; observations at Cherry occurred every 2 minutes, while Kirtland, Munyo,
and Squirt were predominately every 6 minutes, with occasional periods at 2 minutes.
AoA measurements were collected for each of the HF transmitters to G10 receiver.
Table 2. Distance (km) between ionosonde and transmitter to
G10 receiver midpoint.
RDS1 RDS2 ROB POL FRN OSC PND QEN GRN N1
Cherry 9.4 9.4 11.3 5.7 11.6 15.7 13.8 13.8 24.8 23.9
Squirt 46.6 46.6 61.4 58.7 65.9 63.6 68.3 68.4 79.3 78.0
Munyo 84.7 84.7 70.5 73.4 65.4 72.2 63.0 63.3 52.0 55.0
Kirtland 242.6 242.6 229.5 229.2 223.3 224.6 220.6 219.8 210.3 210.0
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Figure 8. Map of WSMR sensors during January 2014 IARPA HFGeo field campaign.
AoA measurements provide azimuth and elevation angles of the radio wave incident
upon the receiver following sky wave propagation (Figure 6). Measurements for both
AoA angles are available; however, this project only analyzes the AoA elevation angle.
AoA measurements were recorded on average approximately every 3 to 5 seconds.
Availability of AoA data is limited to eight of the 14 day field campaign. Using
ionosonde measurements from Cherry, each of the eight day’s data sets are charac-
terized as either a quiet period in which the ionosphere remains relatively stable,
or a TID period based on ionosonde measurements from Cherry. To ensure diurnal
19
variations in the electron density profile do not distort observations, ionograms from
Cherry are examined for a hook signature in the O-mode profile (Figure 2) between
1800-2400 UT. From this evaluation, there were no hooks in the Cherry ionogram
O-mode profile between 2100-2300 UT on 21 January 2014, so this period is defined
as the quiet period. However, there is a well defined hook in the O-mode profile on
the Cherry ionogram at 1934 UT on 26 January 2014; therefore, to capture the extent
of the TID before and after it propagates through Cherry, the TID period is defined
as 1900-2200 UT.
During the quiet and TID period, AoA data is limited to a few frequencies.
Ionosondes transmit across a range of frequencies, so the frequency selected for the
quiet and TID periods is based on the frequency of the AoA measurements. To en-
sure an accurate comparison of AoA and ionosonde measurements, both data sets are
analyzed at the same frequency for the respective day. The quiet period frequency is
5.3 MHz, and the TID period frequency is 5.34 MHz.
Using AoA and ionosonde data from this field campaign, the following are deter-
mined in the next sections: correlation between AoA elevation angle and ionosonde
virtual height measurements, TID wave characteristics as extracted from a spectral
analysis, the TID velocity, temporal cross-correlation estimates of the time a TID
impacts an AoA circuit midpoint and how the wave structure changes over distance,
and lastly, a simple model to predict a change in AoA elevation angles.
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3.2. Elevation Angle and Virtual Height Correlation
Data collected during the quiet and TID periods are analyzed to determine the
correlation between AoA elevation angle and ionosonde virtual height measurements.
Given that AoA measurements are in degrees and the ionosonde measurements in
kilometers, the MM method is applied to the AoA data to provide a height-to-height
comparison. The reliability of the MM method is assessed by analyzing both the quiet
and TID period to determine if heights from the AoA MM method are comparable
with the ionosonde virtual height measurements. To ensure consistency when analyz-
ing the two periods, AoA measurements from the G10-RDS1 circuit and ionosonde
measurements from Cherry are evaluated. G10-RDS1 is selected because it is the
nearest midpoint link to Cherry with data available during both periods.
Recall from Chapter II that the MM method treats the ionospheric reflection
point as a horizontal mirror. Therefore, if the distance between the transmitter and
receiver, d, and the AoA elevation angle, , are known, the height at the reflection
point, h, is
h =
d
2 tan()
(7)
The distance variable, d, is calculated by setting the shape of the Earth as an ellipsoid,
then transforming the latitude and longitude coordinates from geodetic to Cartesian.
Once the transmitter and receiver are in Cartesian coordinates, the distance variable
is solved through the Pythagorean theorem. To solving for the height at the reflection
point, the AoA elevation angle must be converted from degrees to radians.
Application of the MM is shown in Figure 9 as the G10-RDS1 AoA MM heights,
and the Cherry ionosonde virtual heights are plotted against time for the quiet period.
This image shows the AoA MM heights fluctuating more with time than the ionosonde
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Figure 9. Quiet period measurements for G10-RDS1 and Cherry using the 5.3 MHz
frequency on 21 Jan 2014, from 2100-2300 UT. Top: AoA MM height versus time at
G10-RDS1. Bottom: Cherry ionosonde virtual height measurements versus time.
Despite different measurements and cadence, both AoA MM heights and ionosonde
virtual heights have a mean height of 254 km.
virtual heights; this may be due to the cadence at which AoA and ionosonde mea-
surements are taken. Despite the two plots not matching exactly, the MM appears
relatively close as both data sets have a mean height of 254 km. A second analysis
during the quiet period is shown in Figure 10 with AoA MM heights at G10-FRN
and ionosonde virtual heights at Cherry. Similar to the first comparison, the AoA
MM heights at G10-FRN oscillate more than the ionosonde virtual heights; however,
the mean AoA MM height is 244 km, only 10 km from that at Cherry. Additionally,
both figures show AoA MM heights that fluctuations as much as 100 km, revealing
that despite the name, the quiet period is anything but quiet, as the ionosphere does
not remain perfectly flat.
The MM method performs well during the quiet period, but breaks down during
the TID period (Figure 11). The AoA MM heights for G10-RDS1 are nearly 1.5 to
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Figure 10. Quiet period measurements for G10-FRN and Cherry using the 5.3 MHz
frequency on 21 Jan 2014, from 2100-2300 UT. Top: AoA MM model height versus
time for G10-FRN, with a mean height of 244 km. Bottom: Cherry ionosonde virtual
height measurements versus time, with a mean height of 254km.
2.3 times greater than ionosonde virtual heights at Cherry on 26 January 2014, from
1900-2200 UT during a TID. Similarly, Figure 12 shows MM heights at G10-POL that
are 1.2 to 1.9 times greater than virtual heights at Cherry during this same period.
Additionally, AoA MM heights of nearly 600 to 700 km are predicted, which are well
above the F2 peak. These MM heights are too high because the MM does not account
for the tilt at the reflection point. Therefore, given that the AoA MM heights deviate
too far from ionosonde virtual heights, the MM method is not recommended during
a TID without taking tilts into consideration.
Given the MM method does not handle the TID period well, the next approach is
to evaluate the AoA elevation angle. While, this analysis does not provide a simple
height-to-height comparison, it allows for a comparison with no conversion required.
Correlation values include the Pearson correlation coefficient (r) and a p-value to
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Figure 11. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-RDS1 AoA MM height versus time. Bottom: Cherry
ionosonde virtual height measurements versus time. Note the AoA MM heights are
1.5 to 2.3 times greater than Cherry ionosonde virtual heights.
indicate the confidence in fit.
As mentioned in Section 3.1, there is a time disparity between the cadence of
AoA and ionosonde measurements that must be accounted for prior to computing
the correlation. This disparity is shown in Figures 13, as AoA measurements from
G10-RDS1 occur every few seconds while Cherry ionosonde measurements happen
every 2 minutes. Therefore, a 1 minute time constraint is placed on the amount of
separation that is allowed to exist between the AoA and ionosonde measurements.
This same time constraint is used throughout the remainder of this research project
anytime a correlation comparison is performed.
Figure 13 displays the G10-RDS1 AoA elevation angle and the Cherry ionosonde
virtual height measurements during the quiet period. Using the time constraint de-
scribed above, a correlation of these two data sets yields a moderately positive Pearson
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Figure 12. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-POL AoA MM height versus time. Bottom: Cherry
ionosonde virtual heights versus time. Note the AoA MM heights are 1.2 to 1.9 times
greater than ionosonde virtual heights.
correlation coefficient of r=0.58 and a p-value of 0.00, as is shown in Figure 14. A
second analysis during the quiet period is provided in Figure 15 for the G10-FRN
AoA and Cherry ionosonde measurements. The G10-FRN elevation angles oscillate
through a range of nearly 5◦, while virtual height measurements at Cherry oscillate
approximately 50 km. The correlation of the two data sets is shown in Figure 16 and
indicates that G10-FRN AoA elevation angles have a strong positive correlation with
Cherry ionosonde virtual heights, with r=0.64. Since both G10-RDS1 and G10-FRN
elevation angles are positively correlated with virtual height measurements at Cherry
during the quiet period, the next step is to analyze correlation during the TID period.
An overview of the TID period is displayed in Figure 17, with AoA elevation
angles and ionosonde virtual heights provided for each of the sites. The dynamics
of the ionosphere during the TID period reveal AoA elevation angle measurements
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Figure 13. Quiet period measurements of the 5.3 MHz frequency on 21 Jan 2014,
from 2100-2300 UT. Top: AoA elevation angle versus time at G10-RDS1. Bottom:
Cherry ionosonde virtual height measurements versus time.
Figure 14. Quiet period scatter plot of Figure 13. Correlation is measured between
G10-RDS1 AoA elevation angle and Cherry ionosonde virtual height measurements.
The correlation values are: r=0.58 and p-value=0.00.
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Figure 15. Quiet period measurements of the 5.3 MHz frequency on 21 Jan 2014,
from 2100-2300 UT. Top: AoA elevation angle versus time at G10-FRN. Bottom:
Cherry ionosonde virtual height measurements versus time.
Figure 16. Quiet period scatter plot of Figure 15. Correlation is measured between
G10-FRN AoA elevation angle and Cherry ionosonde virtual height measurements.
The correlation values are: r=0.64 and p-value=0.00.
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Figure 17. Measurements of the 5.34 MHz frequency on 26 Jan 2014, from
1900-2200 UT during the TID period. The top plot shows AoA elevation angle
measurements versus time for each of the transmitters to G10 receiver. The trend of
these measurements are similar as the circuits are at most separated by 33 km. The
bottom plot shows virtual height measurements versus time for each of the four
ionosondes. The Cherry ionosonde most closely resembles the AoA measurements,
while Kirtland ionosonde is the most out of phase with AoA measurements.
follow a similar trend over time as the wave propagates south; however, the same
cannot be said for the ionosonde measurements. The Cherry ionosonde virtual height
measurements most closely resembles the trend of the AoA elevation angles, because
of the close proximity to the circuit midpoints. However, a comparison of the AoA
elevation angle and ionosonde virtual heights show a reduction in correlation as the
distance between AoA circuit midpoint and ionosonde is increased. The first com-
parison is for the nearest AoA midpoint link and ionosonde, G10-POL and Cherry,
with a separation distance of 6 km. Figure 18 shows a similar trend for the G10-POL
AoA elevation angle and Cherry virtual heights, as both data sets begin to increase
shortly after 1930 UT when the TID is first measured, and then oscillate together for
the remaining 2.5 hours. The correlation of the two sets indicate a strong positive
28
Figure 18. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: AoA elevation angle versus time at G10-POL. Bottom:
Cherry ionosonde virtual height measurements versus time.
correlation with r=0.72 (Figure 19).
A second analysis during the TID is performed between G10-RDS1 and Cherry,
which extends the distance between AoA and ionosonde from 6 to 9 km. G10-RDS1
AoA elevation angles and Cherry ionosonde virtual heights follow the same trend
(Figure 20) with a strong correlation of r=0.61, as noted in Figure 21. The close
proximity of the Cherry ionosonde with each of the AoA midpoint links yields a
strong positive correlation.
To analyze the change in correlation as the distance between the AoA midpoint
and ionosonde increases, G10-RDS1 AoA measurements are compared to the further
ionosondes. Changing the ionosonde from Cherry to Squirt increases the AoA mid-
point to ionosonde distance from 9 to 47 km. Figure 22 shows the AoA elevation
measurements for G10-RDS1 and virtual heights from Squirt. The Squirt virtual
height measurements are out of phase with the AoA elevation angle, providing virtu-
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Figure 19. TID period scatter plot of Figure 18, G10-POL AoA elevation angle and
Cherry ionosonde virtual height measurements during a TID. The correlation values
are: r=0.72 and p-value=0.00.
Figure 20. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-RDS1 AoA elevation angle versus time. Bottom:
Cherry ionosonde virtual height measurements versus time.
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Figure 21. TID period scatter plot of Figure 20, G10-RDS1 AoA elevation angle and
Cherry ionosonde virtual height measurements during a TID. The correlation values
are: r=0.61 and p-value=0.00.
Figure 22. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-RDS1 AoA elevation angle versus time. Bottom:
Squirt ionosonde virtual height measurements versus time.
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ally no correlation with r=0.03 (Figure 23).
Using the Munyo ionosonde, the comparison in Figure 24 displays the measure-
ments for G10-RDS1 AoA elevation angles and Munyo virtual heights. Similar to
Squirt, virtual heights at Munyo are occasionally out of phase providing r=0.03 (Fig-
ure 25). In this instance, the Pearson correlation coefficient is the same as measured
for Squirt, despite the virtual height measurements being different. The last correla-
tion comparison is between G10-RDS1 and Kirtland, where the separation distance is
233 km. Figure 26 shows the Kirtland virtual height measurements are out of phase
with G10-RDS1 AoA elevation angles, which is highlighted by the negative correla-
tion, r=-0.13, in Figure 27. This trend suggests that as the distance between the AoA
midpoint link and ionosonde increases, the correlation decreases.
An e-folding distance for the correlation between AoA elevation angle and ionosonde
virtual height as a function of distance is calculated by including additional AoA links.
Figure 23. TID period scatter plot of Figure 22, G10-RDS1 AoA elevation angle and
Squirt ionosonde virtual height measurements during a TID. The correlation values
are: r=0.03 and p-value=0.84.
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Figure 24. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-RDS1 AoA elevation angle versus time. Bottom:
Munyo ionosonde virtual height measurements versus time.
Figure 25. TID period scatter plot of Figure 24, G10-RDS1 AoA elevation angle and
Munyo ionosonde virtual height measurements during a TID. The correlation values
are: r=0.03 and p-value=0.80.
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Figure 26. TID period measurements of the 5.34 MHz frequency on 26 Jan 2014,
from 1900-2200 UT. Top: G10-RDS1 AoA elevation angle versus time. Bottom:
Kirtland ionosonde virtual height measurements versus time.
Figure 27. TID period scatter plot of Figure 26, G10-RDS1 AoA elevation angle and
Kirtland ionosonde virtual height measurements during a TID. The correlation values
are: r=-0.13 and p-value=0.40.
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The distance between the four ionosondes and each of the AoA midpoint links is il-
lustrated in Figure 28. AoA midpoint links are closest to Cherry at less than 25 km,
slightly further from Munyo and Squirt at distances between 45 to 90 km, and furthest
from Kirtland at distances greater than 200 km. The correlation between each AoA
midpoint link and ionosonde is displayed in Figure 29 (except RDS2 and OSC due to
insufficient data). The e-folding distance is calculated by applying a non-linear fit to
the correlation data. The non-linear fit reveals an e-folding distance of 37 km, with
an error of ±5 km at one standard deviation, which indicates that the correlation
varies with distance as r ∼ exp(−x/37), where x is the distance (km) between the
AoA circuit midpoint and ionosonde.
Additionally, Figure 29 indicates the distance at which AoA elevation angle and
ionosonde virtual height measurements are in phase. Based on the strong correlation
values reported at Cherry, it is assumed that when measurements are taken at less
Figure 28. Distance between ionosonde and G10 receiver to respective transmitter
midpoint link.
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Figure 29. AoA elevation angle and virtual height correlation as a function of
distance during the TID period. The correlation, r, decreases exponentially as the
distance between AoA midpoint link and ionosonde increases, following
r ∼ exp(−x/37), where x is distance (km).
than 25 km, the two waves will be in phase. However, as the distance increases beyond
50 km, the correlation will be weak at best, and more than likely found to have no
correlation because the waves are out of phase.
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3.3. Spectral Analysis
A correlation of AoA elevation angles and ionosonde virtual heights suggests that
the correlation versus distance drops off exponentially with an e-folding distance of
37 km during the TID period; however, this reveals nothing about the characteristics
of the TID. Information on the wave structure of the TID can be determined with
spectral analysis on the AoA elevation angles and ionosonde virtual heights. The
spectral analysis applies a discrete Fourier transform (DFT), by which the amplitude
and phase of the waves comprising the TID are extracted.
Figure 30 shows measurements for G10-N1 AoA elevation angles and Kirtland
ionosonde virtual heights during the TID period, revealing the inconsistent measure-
ments throughout the span of ionosonde virtual height plot, as well as the gaps in
AoA elevation angles near 1945 UT and 2100 UT. Therefore, to ensure the wave is
continuous with constant time steps, a cubic spline interpolation function is applied
Figure 30. Measurements of G10-N1 AoA elevation angle and Kirtland ionosonde
virtual height for 5.34 MHz frequency on 26 Jan 2014 from 1900-2200 UT.
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to both data sets. This function fills in the data gaps to provide a wave with a
continuous second-order derivative, as well as continuous third-order derivatives for
the first and last end points [MathWorks, 2017]. Once the cubic spline interpolation
function is applied, Figure 31 reveals the new continuous wave, where red asterisks
represent the actual data measurements and blue triangles are the interpolated data
points. From this continuous function, a DFT of the wave is performed to complete
the spectral analysis during the TID period.
The spectral analysis for both G10-N1 AoA elevation angles and Kirtland ionosonde
virtual heights are shown in Figure 32. A strong amplitude of the wave, as measured
by the AoA elevation angle, is found at a period of 30 minutes. However, data from
the Kirtland ionosonde, 210 km north of the G10-N1 midpoint link, reveals the peak
amplitude of the wave for a period of 36 minutes. Additionally, Figure 32 displays the
Figure 31. Cubic spline interpolation of the G10-N1 AoA elevation angle and
Kirtland ionosonde virtual height measurements displayed in Figure 30. The red
asterisks represent actual data measurements and the blue triangles are the
interpolated data points from the cubic spline interpolation function.
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Figure 32. DFT of the interpolated G10-N1 AoA elevation angle and Kirtland
ionosonde virtual height measurements displayed in Figure 31. The peak wave
amplitude of the TID at G10-N1 occurs at a 30 minute period, and at Kirtland occurs
at 45 minute period.
phase of the wave as a function of period for both data sets. This phase information
is used to calculate the TID velocity and will be discussed in the next section.
A plot of the DFT for each site shows how the TID changes as the wave propagates
from north to south. Figure 33 shows the DFT of the G10-QEN AoA elevation
angles and Munyo ionosonde virtual heights. Analysis of this figure reveals the peak
amplitude of the wave at G10-QEN occurs at a period of 30 minutes. At Munyo,
where the wave is 160 km south of Kirtland, the peak amplitude has a 45 minute
period. Figure 34 displays the DFT further south for G10-POL and Cherry. The
peak wave amplitude of the TID at G10-POL is at a 30 minute period. Examination
of the wave over Cherry, 233 km south of Kirtland, shows a peak amplitude at a 1
hour period. Finally, a DFT for the two southern most sites, G10-RDS1 and Squirt, is
shown in Figure 35. The peak wave amplitude of the TID measured over G10-RDS1
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Figure 33. DFT of G10-QEN AoA and Munyo ionosonde measurements. The peak
wave amplitude of the TID at G10-QEN AoA occurs at a 30 minute period, and at
Munyo occurs at a 45 minute period.
Figure 34. DFT of G10-POL AoA and Cherry ionosonde measurements. The peak
wave amplitude of the TID at G10-POL AoA occurs at a 30 minute period, and at
Cherry occurs at a 1 hour period.
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Figure 35. DFT of G10-RDS1 AoA and Squirt ionosonde measurements. The peak
wave amplitude of the TID at G10-RDS1 AoA occurs at a 30 minute period, and at
Squirt occurs at a 1 hour period.
is found at a 30 minute period, and at Squirt, 288 km south of Kirtland, the peak
amplitude is at a one hour period.
The DFTs in Figures 32 to 35 show little variation in the AoA elevation angles,
but reveal much larger fluctuations in the spectrum of ionosonde virtual heights.
Evaluation of the AoA elevation angles as the TID travels 33 km from the northern
(G10-N1) to southern (G10-RDS1) most sites maintaining a peak 30 minute period.
However, larger variation in the spectrum of ionosonde virtual heights are shown in
Figure 36 indicating the dominant TID peak amplitude varies as the wave propa-
gates from north to south over a distance of 288 km. The dominant TID amplitude
occurs with a period of 36 minutes at Kirtland, 45 minutes at Munyo, and 1 hour at
Cherry and Squirt. From the AoA and ionosonde spectral analysis, TID characteris-
tics change very little over short distances; however, at greater distances as observed
by the ionosondes, the TID characteristics change as the wave propagates south.
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Thus, the TID that is observed at Kirtland will not possess the same characteristics
as the TID measured at Squirt.
Figure 36. DFT of the 5.34 MHz frequency from the ionosondes at WSMR on 26 Jan
2014 from 1900-2200 UT. This reveals how the amplitude and phase change as the
TID propagates south from Kirtland to Squirt.
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3.4. TID Velocity
While the spectral analysis provides information on how the peak amplitude of
the TID changes as it propagates from north to south, it also supplies information on
the phase of the wave, which can be used to calculate the TID velocity. To calculate
the velocity of the 26 January 2014 TID, two techniques are applied to the data;
the first evaluates ionograms for hook signatures, and the second uses the spectral
analysis phase difference between two ionosondes.
The first technique calculates TID velocity by analyzing ionograms. Given that a
hook signature on an ionogram indicates the presence of a TID (Figure 2), ionograms
are evaluated at each ionosonde over time. The time a hook first appears on an
ionogram is recorded for each site, and a time difference is calculated to determine
how long it takes the TID to propagate from one ionosonde to another. From this
time difference and a known distance between ionosondes, the velocity, v, (m s−1)
is v = d/∆t, where d is the distance between ionosondes (m), and ∆t is the time
difference between hook initiation (s).
During the TID period, the first hook signature is observed on the Kirtland iono-
gram at 1911 UT. Table 3 outlines the time progression of the southward propagating
TID, as determined by the time a hook is first observed on the ionogram at each
ionosonde. From these times, the TID velocity for each of the ionosonde pairs can be
calculated (Table 4). The Kirtland and Squirt ionosondes are separated by 288 km.
Table 3. Time the hook signature is first observed on the ionogram at each ionosonde.
Ionosonde Time (UT)
Kirtland 1911
Munyo 1927
Cherry 1934
Squirt 1937
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The time difference in these ionogram measurements is 26 minutes, which means the
TID velocity between Kirtland and Squirt is 185 m s−1. Decreasing the distance be-
tween ionosondes, decreases the time difference. Kirtland and Munyo ionosondes are
160 km apart; the time difference in hook signatures is 16 minutes, which yields a
TID velocity of 167 m s−1. However, if the distance between ionosondes becomes too
short, the TID velocity becomes questionable. The Cherry and Squirt ionosondes
are separated by 55 km. The time difference in ionogram measurements is 3 minutes,
indicating the TID velocity is 305 m s−1, nearly 1.4 to 1.8 times greater than the TID
velocity for the other five ionosonde pairs.
To calculate the error in ionogram based velocity measurements, the cadence of
ionosonde measurements is considered. The ionosondes at Kirtland, Munyo, and
Squirt took measurements every 6 minutes, while the Cherry ionosonde was every 2
minutes. Consequently, despite the first appearance of the hook on the Kirtland iono-
gram at 1911 UT, the hook may have appeared as early as 5 minutes prior (1906 UT),
during which no ionogram measurements were available; the ionogram displays 1
minute measurements and the ionosonde cadence is 6 minutes (6 − 1 = 5). The er-
ror in each of the ionograms is based on the cadence of ionosonde measurements as
reported in Table 5. One interesting note is that the potential error at Squirt, 5 min-
Table 4. TID velocity measurements from the time a hook signature is first observed
on the ionogram at each ionosonde.
Ionosonde Pair
Distance ∆t Velocity
(km) (min) (m s−1)
Kirtland-Squirt 288 26 185
Kirtland-Cherry 234 23 169
Kirtland-Munyo 160 16 167
Munyo-Squirt 131 10 219
Munyo-Cherry 77 7 183
Cherry-Squirt 55 3 305
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Table 5. Table of the potential error in the time the hook is observed on the
ionogram. This error results from the cadence at which ionosonde measurements
occur; therefore, the 6 minute cadence at Kirtland implies that the hook may be
observed as early as 1906 UT if the error was in the northern ionosonde.
Ionosonde Time
Maximum Error in Error in
Error Northern Site Southern Site
(UT) (min) (UT) (UT)
Kirtland 1911 -5 1906
Munyo 1927 -5 1922 1922
Cherry 1934 -1 1933
Squirt 1937 -5 1932
utes, is greater than the 3 minute time difference it took the TID to travel between
Cherry and Squirt (Table 4); therefore, this circuit is removed from all ionogram TID
velocity calculations. With the Cherry to Squirt circuit removed from Table 4, the
TID velocities as measured from ionograms are: maximum is 219 m s−1, minimum is
167 m s−1, and average is 184 m s−1.
The error bounds in TID velocity measurements for the ionogram is found by
defining the negative error, as the velocities when the northern site is misrepresented,
and the positive error, when the southern site is misrepresented. That is, if the
northern site is the ionogram with the error, the hook does not occur at 1911 UT at
Kirtland, but instead at 1906 UT. Therefore, the time difference as the TID travels
from Kirtland (1906 UT) to Squirt (1937 UT) is 31 minutes as opposed to 26 minutes
with no error. Likewise, if the southern site is the ionosonde with the error, the
hook occurs earlier at the southern site. Consequently, the time difference between
Kirtland (1911 UT) to Squirt (1932 UT) is 21 minutes with the error at the souther
site. Table 6 provides the negative and positive error bounds in the TID velocity as
measured from the ionograms, indicating that the negative error in TID velocities
differ by 48 m s−1, while the positive error in TID velocities vary by 261 m s−1. The
large variance in the positive error is a result of the short separation distance between
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Table 6. Ionogram velocity measurement error bounds. The negative error results
when the hook occurs during the error period at the northern site and the positive
error is when the hook occurs during the error period in the southern site.
Negative Error Positive Error
Ionosonde
∆t Velocity ∆t Velocity
(min) (m s−1) (min) (m s−1)
Kirtland-Squirt 31 155 21 288
Kirtland-Cherry 28 139 22 177
Kirtland-Munyo 21 127 11 243
Munyo-Squirt 15 146 5 438
Munyo-Cherry 12 107 6 213
ionosondes; thus, a small decrease in the time difference results in a large velocity
increase. This is illustrated in Table 6 for the Munyo to Squirt circuit, 131 km apart.
When the southern site, Squirt, is the source of the error, the time difference decreases
from 10 to 5 minutes, and the velocity doubles to 438 m s−1, which is much greater
than the surrounding measurements.
The second technique calculates TID velocity by analyzing the spectral phase
difference in the dominate waves between ionosondes. Figure 36 shows the phase
as a function of period for each ionosonde calculated using DFT. To calculate a
TID velocity, the phase of the wave is extracted for both 45 and 60 minutes periods
to determine the propagation time between ionosondes. To eliminate the 2pi phase
ambiguity, the time and velocity measurements are plotted over integer values of k,
ranging from -2 to +2. The time difference, ∆t (min), is
∆t =
(
∆Φ + k(2pi)
)(period
2pi
)
(8)
where ∆Φ is the phase difference in radians (southern ionosonde subtracted from the
northern ionosonde to capture the direction of the wave) at a given period. The time
differences for the 45 and 60 minute period, for each k-value, are averaged for the
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ionosonde pair distances as shown in Figure 37. To determine which k-value represents
the actual time difference, the time difference from previous ionogram measurements
are referenced. The ionogram measurements suggest the maximum time difference is
near 30 minutes and decreases as the distance between ionosondes decrease. Figure
37 shows a descending distance along the x-axis, and the correct k-value average time
difference is highlighted by the red box; k = 1 for the first three circuits, and k = 0
for the last two circuits, giving an average time difference of 40 minutes decreasing
to 10 minutes.
From the average time difference calculated in Equation 8 for each ionosonde
pair, the velocity for the 45 and 60 minute periods are averaged for each k-value, as
shown in Figure 38. The selected k-values that applied to the average time difference
in Figure 37, also pertain to the selected k-values (highlighted by the red box) in
Figure 37. Average time difference, ∆t, for each k-value given the spectral phase
difference at each ionosonde. Previous ionogram measurements suggest the ∆t should
be near 30 minutes and decrease as the the distance between ionosondes decrease;
therefore, the red box indicates the selected ∆t for a given distance.
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Figure 38. The average TID velocity between each ionosonde pair calculated from
the spectral phase difference is reported in Table 7.
The results of the two techniques used to measure TID velocity on 26 January 2014
are shown in Figure 39. Ionogram measurements indicate the TID average velocity is
184 m s−1, while the spectral phase difference suggests 122 m s−1. Unfortunately, this
velocity difference is too great to say which technique is accurate; therefore, a third
technique is applied to validate the correct method.
The third technique utilizes a temporal cross-correlation of AoA elevation angles.
Given the southward propagation of the TID on 26 January, a cross-correlation is
performed between G10-GRN and the following AoA sites: G10-PND, G10-FRN, and
G10-RDS1. Figure 40 shows the AoA elevation angles for G10-GRN and each of these
AoA sites. A positive time shift is applied to G10-GRN AoA elevation angles, to find
the time shift that maximizes the correlation in the two AoA measurements. Figure
Figure 38. Average TID velocity based on spectral phase difference for k-values.
Velocity is computed using the respective k-value selected ∆t from Figure 37.
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Table 7. TID velocity as measured by spectral phase difference in the dominate waves
between ionosondes.
Ionosonde Distance Velocity
Pair (km) m s−1
Kirtland-Squirt 288 119
Kirtland-Cherry 234 115
Kirtland-Munyo 160 111
Munyo-Squirt 131 135
Munyo-Cherry 77 131
Figure 39. TID average velocity measurements on 26 Jan 2014 from 1900-2200 UT.
Average velocity based on ionogram measurements is 184 m s−1 and from spectral
phase differences is 122 m s−1.
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Figure 40. AoA elevation angles for 5.34 MHz frequency on 26 Jan 2014 from
1900-2200 UT. A temporal cross-correlation is performed on G10-GRN for each plot
to reveal the velocity of the TID from AoA measurements.
41 reveals that an ∼2 minute time shift to G10-GRN measurements maximizes the
correlation with the two northern sites (G10-PND and G10-FRN), while a 5 minute
30 second time shift is needed at the southern site (G10-RDS1). Therefore, we assume
a MM to use the midpoint and the time shift maximizing the correlation, the average
TID velocity is calculated to be 111 m s−1. Comparing the average TID velocity from
the AoA temporal cross-correlation with that of the ionogram and spectral analysis
phase difference indicates the accurate TID velocity to be from the spectral analysis
at 122 m s−1.
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Figure 41. Cross-correlation of AoA elevation angles from Figure 40 reveals the
time shift in G10-GRN AoA elevation angle required to gain the highest
correlation amongst the two AoA sites. Top: Peak correlation between G10-PND
and G10-GRN is achieved at a 1 minute 48 second time shift. Middle: Peak
correlation between G10-FRN and G10-GRN is achieved at 2 minute 15 second
time shift. Bottom: Peak correlation between G10-RDS1 and G10-GRN is
achieved at a 5 minute 30 second time shift.
From the TID velocity and period, the wavelength can be calculated using the
dispersion relation
ω = vk (9)
=⇒ λ = vτ (10)
where ω is the TID frequency, v is the velocity, k is the wavenumber, λ is the wave-
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length, and τ is the period. Velocities calculated from the spectral phase differences
for the 45 and 60 minute periods are displayed along with calculated wavelengths
from the dispersion relation in Figure 42. An average wavelength of 394 km is calcu-
lated for the TID, with a range of 255 to 587 km. Given a TID with this wavelength,
a velocity of 122 m s−1 and a period of 36 to 60 minutes, the TID observed on 26
January 2014 is characterized as a MSTID.
Figure 42. TID wavelengths calculated from the dispersion relation, ω = vk, using the
velocities calculated from the spectral phase differences for the 45 and 60 minute
periods. The solid lines show the dispersion relation for the minimum, average, and
maximum wavelengths. The points represent the measured velocities derived from
spectral phase differences.
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3.5. Temporal Cross-Correlation
The accurate TID velocity is revealed using a temporal cross-correlation of AoA
elevation angles; a similar approach is used to compare time-shifted ionosonde virtual
heights with AoA elevation angles to determine if a shift in time can reproduce the
large correlations observed for co-located measurements. A temporal cross-correlation
is performed for each of the four ionosondes against the G10-POL AoA elevation an-
gles. Figure 43 shows the G10-POL AoA elevation angle and Kirtland ionosonde vir-
tual height measurements, where the two sites are separated by 230 km. In the right
figure, the ionosonde virtual heights are time shifted +60 minutes. This time shift
takes place over 100 steps to determine how the AoA elevation angle and ionosonde
virtual height measurements are correlated at each step in time. Figure 44 indicates
that the G10-POL AoA elevation angle and Kirtland ionosondes virtual height mea-
surements have the highest correlation, 0.36, at a time shift of 42 minutes. This
suggests that 42 minutes after the TID passes Kirtland, it will impact the G10-POL
Figure 43. Two figures of G10-POL AoA elevation angle and Kirtland ionosonde
virtual height measurements during TID period. The figure on the left is the
ionosonde virtual height measurements observed at Kirtland with no time shift, and
the figure on the right are the same measurements after a +60 minute time shift is
applied to the virtual heights.
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Figure 44. Temporal cross-correlation of G10-POL AoA elevation angle and Kirtland
ionosonde virtual height for 26 Jan 2014 from 1900-2200 UT. These sites are 230 km
apart. The peak correlation is 0.36, and occurs at a 42 minute time shift.
circuit. However, the velocity of the TID is 122 m s−1, which means the expected time
shift for peak correlation between Kirtland ionosonde virtual heights and G10-POL
AoA elevation angles should be 31 minutes. The difference in the expected and cross-
correlation time shifts, as well as the weak correlation value, indicate the TID wave
characteristics change as the TID propagates from Kirtland to G10-POL midpoint.
This same temporal cross-correlation is repeated for each of the remaining three
ionosondes against the G10-POL AoA elevation angles. A +60 minute time shift is
performed for both Munyo and Cherry; however, a -60 minute time shift is performed
for Squirt. The negative time shift accounts for the location of Squirt ionosonde with
respect to G10-POL, as the TID propagates from north to south. Figure 45 shows
the cross-correlation for measurements from G10-POL midpoint and Munyo, which
are 73 km apart. This cross-correlation reveals a moderately positive correlation,
0.55, after a 9 minute time shift. Given the TID velocity, the expected time shift is
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Figure 45. Cross-correlation of G10-POL AoA elevation angle and Munyo ionosonde
virtual heights vs time shift on 26 Jan 2014. These two sites are separated by 73 km.
The peak correlation value is 0.55, and occurs at a time shift of 9 minutes.
10 minutes. The small difference in expected and cross-correlation time shifts, along
with a moderately positive correlation value, suggests the TID characteristics are more
similar between Munyo and G10-POL than for Kirtland and G10-POL midpoint.
The next cross-correlation between G10-POL midpoint and Squirt, 58 km apart, is
shown in Figure 46, which reveals that the maximum correlation of 0.24 occurs after a
time shift of 8 minutes and matches what is expected based on TID velocity. The last
cross-correlation is shown in Figure 47 between G10-POL and Cherry, 5.7 km apart.
As expected due to the close proximity, these two sites are strongly correlated at
0.73, after a time shift of less than 1 minute. The cross-correlation time shift matches
the expected time shift based on the TID velocity. Therefore, given the same time
shifts and strong correlation value, the TID will possess very similar characteristics
at Cherry and the G10-POL midpoint.
Figure 48 shows the temporal cross-correlation of G10-POL AoA elevation angle
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Figure 46. Cross-correlation of G10-POL AoA elevation angle and Squirt ionosonde
virtual height vs time shift on 26 Jan 2014. The two sites are separated by 58 km.
The peak correlation value is 0.24, and occurs at a time shift of 8 minutes.
Figure 47. Cross-correlation of G10-POL AoA elevation angle and Cherry ionosonde
virtual height vs time shift on 26 Jan 2014. The two sites are separated by 5.7 km.
The peak correlation value is 0.73, and occurs at a time shift of less than 1 minute.
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with each of the four ionosondes. This shows the peak correlation, 0.73, is achieved at
Cherry 5.7 km from the G10-POL midpoint. As the separation distance between the
G10-POL midpoint and ionosonde increases to 58 km at Squirt, the peak correlation
decreases to 0.24, at Munyo 73 km away it is 0.55, and at Kirtland 230 km away it is
0.36. Although time shifting ionosonde virtual heights improves the correlation, when
the separation distance is too great, the correlation remains weak due to changes in
TID wave structure over time. Additionally, if the expected time shift given the TID
velocity matched the cross-correlation time shift, it would indicate that the wave
structure did not change as it wave propagates south and that the temporal cross-
correlation could be used with confidence to estimate the time a TID would impact
an AoA midpoint. The expected and cross-correlation time shifts at Cherry, Munyo,
and Squirt are the nearly the same; however, the time difference at Kirtland is 11
minutes longer than the expected time difference. This suggests the cross-correlation
method works well within 75 km; however, at greater distances the cross-correlation
should not be used to estimate the time a TID impacts an AoA midpoint.
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Figure 48. Temporal cross-correlation of G10-POL AoA elevation angles and each of
the four ionosonde’s virtual height measurements. The peak correlation varies as a
function of distance; the peak correlation for Cherry at ∼6 km is 0.73, Squirt at 58
km is 0.25, Squirt at 73 km is 0.55, and Kirtland at 230 km is 0.36.
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3.6. Predicted AoA Elevation Change
The final assessment of this research is to determine whether virtual height mea-
surements from two upstream ionosondes, can predict a change in AoA elevation
angles at a downstream midpoint link during a TID. To test this approach, a simple
model is applied to data from the upstream ionosondes during a TID event. The
simple model assumes: the MM is valid, tilts are ignored, and the distance between
transmitter and receiver are known. The TID velocity is calculated using spectral
phase difference from two upstream ionosondes, then uses the closest ionosonde for
virtual height measurements.
The first analysis evaluates the simple model using Kirtland and Munyo ionosonde
spectral phase difference to calculate TID velocity and Munyo ionosonde virtual height
measurements to predict AoA elevation angle changes at the G10-POL midpoint link.
Figure 49 shows the AoA elevation angles and virtual height measurements for G10-
POL and Munyo using the 5.34 MHz frequency on 26 January 2014 during the TID
period. The horizontal MM with no tilts is applied to Munyo ionosonde virtual height
measurements, to calculate the MM AoA elevation angle. Similar to Equation 7, the
calculation for the MM AoA elevation angle (rad), mm, is
mm = arctan
(
2h
d
)
(11)
where h is the virtual height measured at Munyo (km), and d is the distance between
the transmitter and receiver (km), 73 km for G10-POL. Figure 50 shows the resulting
MM AoA elevation angles for G10-POL calculated using Munyo ionosonde virtual
heights. A comparison of how the G10-POL MM and actual AoA elevation angles
relate is displayed in Figure 51. No time shift has been applied to the ionosonde
derived MM elevation angles; when the TID is measured at Munyo, it has not reached
59
Figure 49. G10-POL AoA elevation angle and Munyo ionosonde virtual heights for
5.34 MHz frequency on 26 Jan 2014 from 1900-2200 UT, during the TID period.
Notice Munyo virtual heights increase prior to 1930 UT; however, AoA elevation
angles do not increase until 1940 UT. This is due to the geographical separation
between the ionosonde and AoA circuit.
the G10-POL midpoint link. This delay causes the MM AoA elevation angle to start
increasing shortly before 1930 UT, while the actual AoA elevation angle does not
increase until closer to 1940 UT. To account for this time delay, a time shift needs to
be applied to the MM AoA elevation angles in Figure 51.
To find the amount of time the MM AoA elevation angle must be shifted, the
TID velocity and distance from the ionosonde to AoA midpoint link must be known.
The TID velocity is measured at 111 m s−1 from the spectral phase difference between
the Kirtland and Munyo ionosondes. Additionally, the distance between the Munyo
ionosonde and G10-POL link midpoint is 73 km. From the TID velocity and distance
from the Munyo ionosonde, the time shift required is 11 minutes. This time shift is
applied to the MM AoA elevation angles in Figure 51 to account for the geographical
separation between ionosonde and AoA circuit midpoint. The time shifted MM AoA
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Figure 50. Estimation of G10-POL AoA elevation angles given application of the MM
using Munyo ionosonde virtual heights during the TID period. Top: G10-POL MM
estimated AoA elevation angles. Bottom: Munyo ionosonde virtual heights.
elevation angles are shown in Figure 52 along with the actual AoA elevation angles.
The time shifted MM does relatively well at predicting the trend early on; however,
the magnitude by which the MM AoA elevation angle changes, does not match the
actual AoA elevation angle.
The difference in the time shifted MM and actual AoA elevation angles for G10-
POL are shown in Figure 53. The average difference between the predicted and
measured angles is -0.6◦. A maximum difference of 5.3◦ is observed near 21 UT. This
suggests that the change in AoA elevation angle is not due to only a change in height
as the simple MM implies, but also strongly depends on changes in the tilt of the
ionosphere at the reflection point.
Further evidence that the tilt is responsible for the change in AoA elevation angles,
and not the height as the simple MM implies, is shown in Figure 54. The North-South
tilt measurements in this figure are measured by the Munyo ionosonde. Similar to
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Figure 51. Plot of actual G10-POL AoA elevation angles from Figure 49 with the
simple MM AoA elevation angles plotted in Figure 50. Similar to Figure 49, this
reveals that the TID passes Munyo prior to the G10-POL midpoint link; therefore,
the MM AoA elevation angles need to be time shifted to ensure the simple MM is
compared to the actual AoA measurements as the TID passes G10-POL.
the MM AoA elevation angles, Munyo tilt measurements are time shifted 11 minutes
to account for the time delay. The simple MM performs well when the tilt is near 0◦,
which is exhibited at 1921 UT when the tilt is almost 0◦ and the difference in MM
and actual AoA elevation angles is -0.3◦. However, as the tilt measurements increase,
so does the difference between the predicted and measured elevation angles, as shown
near 2100 UT when the tilt is -4.4◦ and the angle difference is 5.3◦. Note that this
analysis is only for the AoA elevation angle and the ionosonde North-South tilt. To
get a more accurate representation, the AoA azimuth angle and ionosonde East-West
tilt measurements should also be incorporated; however, until that information can
be applied, this simple MM can be used for geolocation when the ionosonde tilt
measurements are near 0◦.
To calculate the maximum change in AoA elevation angles for the simple MM
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Figure 52. MM AoA elevation angles from Figure 51 are time shifted based on the
TID velocity and distance between Munyo and G10-POL. This allows a comparison of
both data sets when the TID is over G10-POL.
Figure 53. Difference in G10-POL actual and time shifted MM AoA elevation angles
using virtual heights from Munyo. The average angle difference is -0.6◦, highlighted
by the solid line.
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Figure 54. Plot to compare the simple MM for G10-POL with the time shifted Munyo
ionosonde North-South tilt measurements. When the tilt is near 0◦ (horizontal
reference line), the angle difference in the MM and actual AoA elevation angles is
small which suggests the simple MM performs well. However, as the tilt increases, so
too does the angle differences and the simple MM should not be considered.
based on the maximum change in virtual heights, a derivative of Equation 11 with
respect to height is required:
d
dh
=
2d
d2 + 4h2
=
2d
d2(1 + 4h
2
d2
)
=
2
d(1 + 4h
2
d2
)
(12)
where d is the change in AoA elevation angle (radians), dh is the change in ionosonde
virtual height (km), d is the distance between transmitter and receiver (km), and h
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is the ionosonde virtual height (km). Additionally, applying the relation
4h2
d2
= tan2() (13)
to Equation 12, the change in AoA elevation angle is
d
dh
=
tan()
h(1 + tan2())
=⇒ ∆ = tan(0)
h0(1 + tan
2(0))
∆h (14)
where 0 is the initial AoA elevation angle corresponding to h0, h0 is the average
ionosonde virtual height prior to the TID, and ∆h is the greatest change in ionosonde
virtual heights from h0 measured during the TID. From previous ionogram analyses,
it is known that the TID passes Munyo between 1922 and 1927 UT; therefore, from
Figure 49, an average of the Munyo ionosonde virtual heights prior to the TID passage
reveals h0 is 243 km. The greatest virtual height measured during the TID is 288 km,
thus ∆h is 45 km. Lastly, the AoA elevation angle, 0, is 77.2
◦. Applying these values
to Equation 14 the maximum change in AoA elevation angle, given measurements at
Munyo and G10-POL, is 2.3◦.
The maximum change in AoA elevation angle, calculated by Equation 14 is com-
pared to the actual and time shifted MM AoA elevation angles during the TID to
analyze the accuracy of this approach. The time shifted MM AoA elevation angle
changes by a maximum of 1.9◦, and the actual AoA elevation angle changes by a
maximum of 6.4◦ during the TID. Therefore, Equation 14 overestimates the maxi-
mum change in time shifted MM AoA elevation angle by 0.4◦, and underestimates
the maximum change in actual AoA elevation angle by 4.2◦. This indicates that the
tilt of the ionosphere at the reflection point is crucial in estimating AoA elevation
angle during a TID.
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The simple model analysis is repeated to predict the change in AoA elevation
angle at G10-GRN during the same TID period. Figure 55 shows the actual G10-
GRN AoA elevation angle and Munyo virtual height measurements during this time.
Analysis of the virtual heights and elevation angles reveals the TID passes Munyo
near 1925 UT and G10-GRN midpoint at 1936 UT. The simple MM AoA elevation
angles for G10-GRN, along with the Munyo virtual height measurements are shown in
Figure 56, using a distance of 52 km between Munyo and G10-GRN midpoint. Figure
57 reveals the MM AoA elevation angles at a zero time shift, which shows the MM
AoA elevation angles increase near 1925 UT, and the actual AoA elevation angles
increase around 1936 UT. To account for the time delay, a time shift is applied to the
MM AoA elevation angles.
The same principles for finding the time shift in the first analysis at G10-POL,
are applied to G10-GRN MM AoA elevation angles. Given the TID velocity, as
Figure 55. G10-GRN AoA elevation angle and Munyo ionosonde virtual heights
during the TID period. This reveals the TID passes Munyo near 1925 UT and
G10-GRN at 1936 UT as the virtual heights and elevation angles increase.
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Figure 56. Estimated G10-GRN AoA elevation angles given application of the simple
MM using Munyo ionosonde virtual heights during the TID period. Top: Estimated
G10-GRN MM AoA elevation angles. Bottom: Munyo ionosonde virtual heights.
calculated from the spectral phase difference in Kirtland and Munyo ionosondes, is
111 m s−1 and the distance between Munyo and G10-GRN midpoint link is 52 km,
the time shift is approximately 8 minutes. This time shift is applied to the MM
AoA elevation angles and displayed in Figure 58. The time shifted MM is able to
predict the overall trend of actual AoA elevation angles through the first half of the
TID period; however, the magnitude of the MM elevation angle change does not
match the actual measurements, especially after 2030 UT. The difference between
the MM and actual AoA elevation angles is shown in Figure 59. Despite only a -0.6◦
average AoA elevation angle difference, Figure 59 reveals numerous occasions when
the differences are greater than 2◦ and the maximum difference is 6.5◦ at 2100 UT.
Similar to the first analysis at G10-POL, this suggests that the ionospheric tilt, not
the height, is responsible for the large changes in AoA elevation angle.
Ionospheric tilt measurements from the Munyo ionosonde are shown in Figure 60,
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Figure 57. Actual G10-GRN AoA elevation angles along with the simple MM AoA
elevation angles. This reveals that the TID passes Munyo prior to the G10-GRN
midpoint link; therefore, the MM AOA elevation angles will need to be time shifted
to account for the time delay.
along with the difference in G10-GRN MM and actual AoA elevation angles. To eval-
uate the Munyo North-South tilts against the angle difference, the tilt measurements
are also time shifted approximately 8 minutes. Similar to the tilt comparisons at
G10-POL, the simple MM does well when the time shifted tilt is near 0◦. This is
illustrated in Figure 60 at 1918 UT when the tilt is measured at 0◦ and the angle dif-
ference is -0.5◦. However, the simple MM does not perform well as the North-South
tilt increases, as shown near 2100 UT when the tilt is -4.4◦ and the error is 6.5◦,
similar to the results from G10-POL.
To find the maximum change in AoA elevation angles from the simple MM, mea-
surements from Munyo ionosonde virtual heights and G10-GRN AoA actual elevation
angles prior to the TID are applied to Equation 14. The initial AoA elevation an-
gle, 0, is 72.9
◦, revealing a maximum change in AoA elevation angle of 3.0◦. The
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Figure 58. MM AoA elevation angles from Figure 57 are time shifted based on the
TID velocity and distance between Munyo and G10-GRN. The time shift allows both
data sets to be compared when the TID over the G10-GRN midpoint link.
Figure 59. Difference in G10-GRN actual and time shifted MM AoA elevation angles
during a TID. The average angle difference highlighted by the solid line is -0.6◦.
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Figure 60. Comparison of the simple MM for G10-GRN with the time shifted Munyo
ionosonde North-South tilt measurements. When the tilt is near 0◦ (horizontal
reference line), the angle difference in the MM and actual AoA elevation angles is
small as shown at 1918 UT. However, as the tilt increases, so does the error.
time shifted MM AoA elevation angles change by a total of 2.6◦, and the actual AoA
elevation angles change by a total of 8.6◦ (Figure 58). Equation 14 overestimates
the maximum change in time shifted MM AoA elevation angles by 0.4◦, and under-
estimates the maximum actual AoA elevation angle by 5.6◦. Similar to the analysis
at G10-POL, the tilt of the ionosphere plays a significant role in influencing AoA
elevation angles during a TID.
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IV. Conclusion
Ionospheric measurements of TIDs observed during the IARPA HFGeo field cam-
paign at WSMR in January 2014 were analyzed and compared. TIDs cause large
perturbations in the local electron density profile and impact HF radio wave prop-
agation, making geolocation particularly difficult. This research investigated AoA
elevation angle and ionosonde virtual height measurements during a TID. The cor-
relation of AoA elevation angle and ionosonde virtual heights were examined, and
TID wave characteristics were extracted. Analysis of the TID velocity, period, and
wavelength characterized the TID as a MSTID. From the TID velocity, the impact
time on a downstream AoA circuit was calculated. Finally, it was determined that
a simple MM can predict a change in AoA elevation angle with measurements from
two upstream ionosondes given the ionosonde tilt measurement is near 0◦.
To analyze the correlation between AoA elevation angles and ionosonde virtual
heights, a simple MM was applied to the AoA elevation angle to obtain the MM
height. The results of the simple MM found that AoA MM heights were acceptable on
the quiet day, even as reflection heights fluctuated approximately 100 km. However,
the TID period revealed AoA MM heights that were 1.2 to 2.3 times higher than
the ionosonde virtual heights, and reached reflection altitudes that were not realistic
of the 5.34 MHz frequency. Therefore, a correlation of AoA elevation angles and
ionosonde virtual heights was performed so no data conversion was required. As the
distance between the AoA link midpoint and ionosonde increased, the correlation
between measurements decreased with an e-folding distance of 37 km.
A Fourier transform was applied to the AoA and ionosonde data to extract wave
characteristics of the TID, which revealed the amplitude and phase as a function
of period as the TID propagated from north to south. The spectral analysis of the
AoA elevation angles highlighted little change in the amplitude of the wave over a 30
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minute period, as the TID traveled 33 km from the northern to southern most AoA
circuit midpoint. However, the spectral analysis of the four ionosondes, showed the
dominant amplitude of the TID ranged from a 36 to 60 minute period depending on
the ionosonde location. The TID amplitude and period changed substantially as the
wave propagated south over the 288 km distance between the northern and southern
most ionosondes. Therefore, the TID measured over Kirtland did not possess the the
same characteristics as the TID observed at Squirt.
The TID velocity was measured using ionogram, spectral phase difference, and
temporal cross-correlation techniques. The first technique used to compute the TID
velocity involved analyzing ionograms for hook signatures. Evaluation of ionograms
from each of the four ionosondes revealed the time the hook was first observed. Given
the distance between two ionosondes, and the time difference in when the hook was
first observed, the TID velocity was calculated. An average of the ionogram velocity
measurements revealed a TID velocity of 184 m s−1. The second technique used to
estimate the velocity involved analyzing the spectral phase difference between two
ionosondes. The phase difference for the spectral components with 45 and 60 minute
periods were extracted for each of the ionosonde pairs to calculate the velocity, re-
sulting in an average TID velocity of 122 m s−1. The difference in the ionogram and
spectral analysis velocity measurements were too great to determine which method
was accurate, thus a third method for estimating the TID velocity was used. The
third and final method was based on a temporal cross-correlation of AoA elevation
angles, which yielded a TID velocity of 111 m s−1. Based on this final analysis, it was
concluded that the spectral analysis provided the accurate TID velocity at 122 m s−1.
The spectral phase difference velocity provides a good after-the-fact assessment of the
TID velocity; however if real-time TID velocities are required, consideration of the
AoA temporal cross-correlation should used provided the receivers are aligned with
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the propagation of the TID.
An average wavelength of 394 km was calculated using the dispersion relationship,
where the TID velocities were derived from the spectral phases for the 45 and 60
minute periods. Given the TID period of 36 to 60 minutes, velocity of 122 m s−1, and
wavelength of 394 km, the TID analyzed on 26 January 2014 from 1900 to 2200 UT,
is classified as a MSTID.
A temporal cross-correlation of ionosonde virtual heights was used to analyze the
correlation of virtual heights and AoA elevation angles for geographically separated
measurements. This analysis found the time shift at Kirtland to be 11 minutes slower
than that expected based on the TID velocity; however, the time shifts at Munyo,
Squirt, and Cherry were as expected. Additionally, the temporal cross-correlation
found that as the distance between the link midpoint and ionosonde increased, the
correlation remained weak even after the time shift. The weak correlation and dif-
ference in expected and cross-correlation time shifts suggested that as the TID prop-
agated from north to south, the wave characteristics changed. Lastly, this analysis
showed that the temporal cross-correlation works well when the ionosonde and AoA
link midpoint are separated by less than 75 km.
To determine if measurements from an upstream ionosonde can be used to predict
a change in AoA elevation angle for a downstream midpoint link, a simple MM was
applied to ionosonde virtual heights providing the corresponding MM AoA elevation
angles. A time shift was applied to the MM AoA elevation angles to account for both
the TID velocity and geographical separation between ionosonde and AoA midpoint.
The simple MM was able to predict the trend in AoA elevation angles early on;
however, the magnitude of the MM AoA elevation angles did not match the actual
AoA elevation angle magnitude. This suggests that the tilt of the ionosphere, not
the virtual height as the simple MM assumed, is primarily responsible for the large
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changes in AoA elevation angles. This was further verified when the time shifted
ionosonde North-South tilt measurements were compared with the difference in MM
and actual AoA elevation angles. When the tilt was near 0◦, the difference was very
small and the simple MM performed well. However, as the North-South tilt increased,
so did the difference in predicted and measured elevation angles, which indicated a
poor performance in the simple MM. A comparison of the predicted maximum change
in AoA elevation angle to the time shifted MM and actual AoA elevation angles also
revealed the importance of the ionospheric tilt at the reflection point when estimating
AoA elevation angles.
At the present time, the simple MM is not ready for implementation in geolocation.
The simple MM works well when the tilt is near 0◦ and the HF transmitter coordinates
are provided. However, in geolocation the transmitter location is unknown; therefore,
the midpoint distance between transmitter and receiver is undetermined and the
simple MM cannot be employed. There is a potential to use multiple HF receivers to
estimate a midpoint distance and this should be explored in future research.
Additional future research should incorporate the AoA azimuth angle and ionosonde
East-West tilt measurements with the simple MM, as this project was only able to
evaluate the AoA elevation angle, ionosonde virtual height, and North-South tilt mea-
surements. When this information is bundled together, we expect the simple MM to
predict the correct AoA when the overall tilt is 0◦ during a TID.
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